The distribution and morphology of mitochondria are dramatically affected during infection with rubella virus (RV). Expression of the capsid, in the absence of other viral proteins, was found to induce both perinuclear clustering of mitochondria and the formation of electron-dense intermitochondrial plaques, both hallmarks of RV-infected cells. We previously identified p32, a host cell mitochondrial matrix protein, as a capsid-binding protein. Here, we show that two clusters of arginine residues within capsid are required for stable binding to p32. Mutagenic ablation of the p32-binding site in capsid resulted in decreased mitochondrial clustering, indicating that interactions with this cellular protein are required for capsid-dependent reorganization of mitochondria. Recombinant viruses encoding arginine-to-alanine mutations in the p32-binding region of capsid exhibited altered plaque morphology and replicated to lower titers. Further analysis indicated that disruption of stable interactions between capsid and p32 was associated with decreased production of subgenomic RNA and, consequently, infected cells produced significantly lower amounts of viral structural proteins under these conditions. Together, these results suggest that capsid-p32 interactions are important for nonstructural functions of capsid that include regulation of virus RNA replication and reorganization of mitochondria during infection.
Rubella virus (RV) is the causative agent of the disease known as rubella or German measles in humans. Symptoms are typically mild when contracted postnatally; however, prenatal exposure in the first trimester of pregnancy results in a series of congenital defects known as congenital rubella syndrome (CRS). Symptoms of CRS include low birth weight, deafness, cataracts, mental retardation, and heart disease (10) . Despite the widespread use of an effective vaccine, RV remains the leading cause of congenital defects by an infectious agent worldwide. It is estimated that over 100,000 cases of CRS occur every year (46) .
RV is a positive-strand RNA virus of the family Togaviridae. Its genome is approximately 9,755 nucleotides in length and encodes two nonstructural proteins and three structural proteins (12) . Like other togaviruses, the RV structural proteins are translated as a polyprotein precursor from a subgenomic RNA (44) . The structural proteins consist of a capsid phosphoprotein and two envelope glycoproteins that form the spike complexes on the surface of the virion (32) . The major function of the capsid involves homo-oligomerization and binding of genomic RNA to form the nucleocapsid (36) . Interestingly, capsid has been shown to have numerous functions in addition to formation of the nucleocapsid. For instance, capsid expression has been reported to cause apoptosis in certain cell types, suggesting that this protein may play a role in the cytopathic effect of the virus (13) . Evidence from two recent studies suggests that capsid may also play a role in regulating replication of genomic RNA. In one study, capsid expression was shown to complement the replication defects of replicons with deletions in the nonstructural genes (52) . In another study, it was reported that capsid expression was able to modulate genomic RNA replication (9) .
Another interesting feature of RV capsid is that it displays multiple intracellular localizations. In cells transiently expressing all three structural proteins, a pool of capsid is localized to the Golgi region, where budding of virions typically occurs (4, 22, 39) . In the absence of E2 and E1, capsid has been reported to associate largely with the endoplasmic reticulum (4) . Subsequently, immunogold electron microscopy and indirect immunofluorescence studies revealed that pools of capsid are also associated with mitochondria and viral replication complexes (6, 35) . Colocalization of capsid with the RV nonstructural protein p150 has also been observed (28) . The presence of capsid at multiple intracellular sites suggests that it may have functions in addition to forming nucleocapsids.
The association of capsid with mitochondria is intriguing, given that a significant role for this organelle in RV replication was first reported more than 25 years ago (2) . Specifically, cardiolipin, a phospholipid associated exclusively with mitochondria, was found to be a component of the RV envelope. More recent studies have shown that mitochondrial distribution and morphology are affected in RV-infected cells. For example, mitochondria cluster in association with viral replication complexes in the perinuclear region (32) . Late in infection, electron-dense plaques, or confronting membranes, are observed between the outer membranes of opposing mitochondria (33) . In contrast, confronting membranes have not been observed in cells infected with other togaviruses. In some cases, loss of mitochondrial cristae has also been observed in RV-infected cells (32) .
We previously demonstrated that perinuclear clustering of mitochondria does not require virus replication but, rather, can be induced by expression of the RV structural proteins (6). Moreover, a major host-encoded capsid-binding protein is p32, a mitochondrial matrix protein (6, 41) . The close association of capsid with mitochondria led us to investigate the nature of this relationship further. Here we show that expression of capsid, in the absence of the other RV proteins, is sufficient to induce clustering of mitochondria to the juxtanuclear region and formation of confronting membranes between mitochondria. Furthermore, we demonstrate that the stable interaction of capsid with p32 is important for redistribution of mitochondria and for virus replication.
otics. Cells were transiently transfected using PerFectin transfection reagent as described by the manufacturer. Plasmid construction. Recombinant plasmids were constructed as described below using standard subcloning techniques. Where indicated, constructs were generated by PCR using the primers listed in Table 1 . Generally, reverse primers contained in-frame stop codons. Typical reaction mixtures (100 l) included 2 to 4 U DNA polymerase, 100 to 500 ng template DNA, forward and reverse oligonucleotide primers (15 pmol each), and deoxynucleoside triphosphates (10 M). Reaction mixtures were subjected to 30 cycles in a Robocycler Gradient 40 (Stratagene) or in a DeltaCycler II system (ERICOMP). All constructs were sequenced to verify their authenticity and to ensure the absence of second site mutations. DNA sequences were amplified using Pwo (Roche) or Pfx (Stratagene) DNA polymerases according to the manufacturers' instructions.
Constructs used in yeast two-hybrid analysis: capsid constructs. The cDNA encoding amino acid residues 1 to 277 of capsid was amplified by PCR using primers Capsid-F and C-E2SP-R. The resulting product was digested with EcoRI and BglII and then subcloned into pGBT9 (Clontech). Capsid deletion constructs generated by PCR were digested with EcoRI and BglII and subcloned into the EcoRI and BamHI sites of pGBT9 or pGBKT7 (Clontech). The constructs and the primers used for their creation were as follows: pGBT9-C1-88, Capsid-F and CM11; pGBT9-C87-171, CM12 and CM13; pGBT9-C167-277, CM14 and C-E2SP-R; pGBKT7-C1-45, Capsid-F and CR45; pGBKT7-C46-89, Capsid46 and CR89; pGBKT7-C30-65, RVC30 and RVC65R; pGBKT7-C30-69, RVC30 and RVC69R; pGBKT7-C30-79, RVC30 and RVC79R; pGBKT7-C30-89, RVC30 and CR89.
Constructs for expression in mammalian cells. Plasmids for constitutive expression of RV structural proteins (pCMV5-CapE2SP, pCMV5-E2E1, and pCMV5-24S) have been described previously (20, 30) . For regulated expression of capsid, pcDNA 5/T0-Capsid was created. Briefly, the capsid cDNA, including the region coding for the E2 signal peptide, was amplified by PCR using primers AV11H and AV10 with pCMV5-CapE2SP as template. The PCR product was digested with HindIII and subcloned into pcDNA 5/T0 (Invitrogen).
The arginine residues in the p32-binding region of capsid were changed to alanine residues by PCR-mediated mutagenesis of a capsid cDNA cassette. The mutated cDNAs were subsequently used to replace analogous regions in both pCMV5-CapE2SP and pCMV5-24S. For the 5RA mutant, the plasmid pCMV5-24S (20) was used as a template in a mutagenic PCR with the forward primer 5RAP and the reverse primer Capsid-R. The resulting PCR fragment was digested with NarI and used to replace the NarI capsid fragment in pCMV5-CapE2SP. The resulting plasmid was named pCMV5-C5RA. For the 6RA mu- tant, using pCMV5-24S as template, the forward primer AV11 and the reverse primer 6RAP2 were used in a mutagenic PCR. The resulting PCR fragment was digested using EcoRI and ApaI and used to replace the analogous capsid fragment in pCMV5-CapE2SP. The resulting plasmid was named pCMV5-C6RA. For the 11RA mutant, using pCMV5-24S6RA as template, the forward primer 5RAP and the reverse primer Capsid-R were used in a mutagenic PCR. The resulting PCR fragment was digested with NarI and ligated into NarI-cut pCMV5-CapE2SP to create pCMV5-C11RA. To introduce the mutagenized regions of capsid into the 24S cDNA, the EcoRI/SphI fragment of the mutant capsids was excised by endonuclease restriction digestion and used to replace the analogous region (EcoRI/SphI) in pCMV5-24S.
The arginine-to-alanine mutations in capsid were introduced into the RV M33 infectious clone (pBRM33) (55) by replacing the NcoI and SphI fragments from the capsid-encoding region of pBRM33 with the analogous fragments from pCMV5-C5RA, pCMV5-C6RA, or pCMV5-C11RA.
The plasmid used for expression of full-length p32 in cultured cells (pCB6 ϩ p32) was described previously (6) . The pEGFP-p32m plasmid was created by fusing the region encoding the mature form of p32, in frame, to the carboxyl terminus of green fluorescent protein (GFP). The cDNA sequence encoding mature p32 was amplified by PCR from pCB6 ϩ p32 using primers p32mG and p32R3. The PCR product was digested with EcoRI and BamHI and subcloned into pEGFP-C1 (Clontech) cut with the same restriction enzymes.
Radioimmunoprecipitation and RNA-binding assay. Transfected COS cells were metabolically labeled with [
35 S]methionine-cysteine and radioimmunoprecipitated as described previously (23) . Immune complexes were washed with phosphate-buffered saline containing 0.1% Triton X-100 to preserve proteinprotein interactions. Radioimmunoprecipitation of 33 P-labeled capsid and RNAbinding assays were performed as described elsewhere (31) .
Northern blot analyses. Vero cells were infected with wild-type and mutant viruses (multiplicity of infection [MOI] ϭ 1), and total RNA was harvested using TRIzol reagent (Invitrogen) at various times postinfection. The RNA (10 g/ lane) was separated on 1% agarose gels containing 3.7% formaldehyde and then transferred to Hybond N membranes using a TurboBlotter apparatus (Schleicher & Schuell). Membranes were probed with a capsid cDNA that had been radiolabeled with [ 32 P]dCTP using a Random Primers DNA labeling system (Invitrogen). Hybridization and washing protocols were performed with reagents corresponding to entire capsid coding region and NorthernMax (Ambion) reagents. After washing, membranes were exposed to a phosphorimager screen overnight.
Generation of stable cell lines inducibly expressing capsid. To create stable cell lines expressing capsid, subconfluent T-REx 293 (Invitrogen) cells (1 ϫ 10 6 cells/60-mm dish) stably expressing the tetracycline repressor protein were transfected with 8 g pcDNA5T/0-capsid. At 48 h posttransfection, cells were split 1:10 and cultured in medium containing hygromycin B (5 g/ml) and blasticidin (100 g/ml). Surviving colonies were isolated using cloning cylinders and tested for inducible expression of capsid by indirect immunofluorescence and by immunoblot analyses. Multiple clones were analyzed; however, clone 293TRC 2B was used for all experiments described in this study.
Immunofluorescence microscopy. Vero cells grown on coverslips were processed for indirect immunofluorescence microscopy 24 h after transfection. To visualize mitochondria, Mitotracker Red CMXRos was added to the cell culture medium at a final concentration of 30 ng/ml for 20 min at 37°C prior to fixation. Samples were processed as described previously (6) and then examined using a Zeiss 510 confocal microscope. Images from optical sections (0.8 m) were processed using Adobe Photoshop 7.0.
Electron microscopy. HEK293TRC 2B cells were induced to express capsid by the addition of doxycycline (1 g/ml) to the culture medium. Uninduced HEK293TRC 2B cultures served as the negative controls. Cells were processed for electron microscopy 45 h postinduction as described previously (16) . Images were captured using a Megaview 3 charge-coupled device camera (Soft Imaging System).
Yeast two-hybrid analysis. Interactions between capsid deletions (subcloned into pGBT9 or pGBTK7) and full-length p32 (in pGAD10 [6] ) were assayed by cotransforming AH109 cells and testing for growth on medium lacking adenine, histidine, leucine, and tryptophan (4DO). The positive control was a Clontech system control that utilizes two strongly interacting proteins, p53 (in pGBKT7) and simian virus 40 large T antigen (in pGADT7). As a negative control, AH109 cells were transformed with two plasmids encoding proteins that do not interact (pGBKT7-p53 and pGAD-ABP280). Growth on the 4DO plates within 4 days (at 30°C) was interpreted as evidence of a positive interaction. All media and transformations were performed according to the protocols described in the Clontech MATCHMAKER system. Synthesis of infectious viral RNA and production of mutant viruses. Plasmids containing full-length RV cDNA clones were linearized with HindIII and used as templates for transcription of capped RNAs using the mMessage mMachine kit (Ambion). RNAs were quantitated by electrophoresis and by spectroscopy at 260 nm. RNA was introduced into BHK cells by electroporation as described elsewhere (31) . Virus-containing culture media were collected at various time points and then clarified at 7,000 ϫ g for 10 min before storage at Ϫ80°C. Virus titers were determined by plaque assay as described previously (31) .
One-step growth curves were determined as follows: Vero cells (2 ϫ 10 5 / 35-mm dish) were infected with recombinant viruses (MOI ϭ 5) for 2 h at 35°C. Cells were washed once with phosphate-buffered saline and then incubated for 1 h in growth medium. Fresh medium was then added, and incubation continued at 35°C. Medium was removed at 12-h intervals and stored at Ϫ80°C, and titers were determined by plaque assay.
To assess the synthesis of viral proteins, Vero cells were infected with M33 or mutant strains (5RA and 6RA) at an MOI of 1.0. Cells were harvested at various times postinfection, and lysates were prepared. Samples were subjected to SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting with antibodies to capsid and the nonstructural protein p150.
Virus particle assembly assay. COS cells (1.5 ϫ 10 5 /35-mm dish) were transiently transfected with 2 g of the pCMV5-24S constructs encoding wild-type and mutant capsids. Assembly and secretion of RV-like particles was assayed as described elsewhere (30) .
RESULTS
Capsid expression induces formation of intermitochondrial plaques. Mitochondria have long been thought to have an important role in the replication of RV (1, 2, 33) . Moreover, we recently demonstrated that expression of the RV structural proteins induces relocalization of mitochondria to the perinuclear region (6) . Given that the capsid protein but neither of the RV glycoproteins is intimately associated with mitochondria (6, 35), we rationalized that capsid is most likely to be the virus protein responsible for this process. To test this hypothesis, Vero cells were transiently transfected with expression vectors encoding either capsid alone or the RV glycoproteins (E2 and E1). Indeed, perinuclear clustering of mitochondria was evident in transfected cells expressing capsid alone but not in untransfected cells (Fig. 1A to D) . In contrast, expression of E2 and E1 did not significantly affect the distribution of mitochondria ( Fig. 1E to F) . Together, these observations support our hypothesis that capsid expression induces reorganization of mitochondria.
To further examine the effects of capsid expression on mitochondrial morphology, a stable cell line (HEK 293TRC 2B) was created in which capsid expression was under control of the tetracycline repressor. Addition of doxycycline to the culture medium resulted in robust expression of capsid protein ( Fig. 2A) . HEK 293TRC 2B cells were cultured for 48 h under inducing or noninducing conditions and then processed for routine electron microscopy. Electron-dense structures were observed between apposing mitochondria in cells cultured in the presence of doxycycline ( Fig. 2C to E) but were not present in the noninduced cells (Fig. 2B ). These electron-dense structures are reminiscent of the confronting membranes found in RV-infected cells (34) . The width of confronting membranes in RV-infected cells was reported to be 22 to 25 nm. In accordance with this observation, the average width of the electrondense zones in capsid-expressing cells was 24 nm. These results indicate that expression of the RV capsid is sufficient to induce the formation of confronting membranes, a hallmark of RV infection.
Capsid-p32 interactions. Analysis of the RV capsid sequence using the Web-based algorithm PSORT II Prediction (http://psort.nibb.ac.jp/form2.html) revealed that classical mi- As such, the mechanism of capsid targeting to mitochondria is not clear. However, capsid is known to bind to the carboxyl terminus of mitochondrial matrix protein p32 (reference 41 and unpublished data), a situation that would leave the aminoterminal mitochondrial targeting sequence of p32 unobstructed and presumably functional. Accordingly, it is tempting to speculate that targeting of capsid to mitochondria involves piggybacking onto nascent p32. If this is the mechanism by which capsid is targeted to the mitochondria, it should be possible to block association of capsid with mitochondria by expressing a form of p32 that is not targeted to the mitochondria. To create such a construct, the mitochondrial targeting sequence of p32 was replaced with GFP to create the fusion protein GFPp32m. It was expected that GFPp32m would act in a dominant negative fashion and abrogate targeting of capsid to mitochondria. Vero cells were transiently transfected with plasmids encoding GFP or GFPp32m either alone or together with capsid. When coexpressed with GFP, capsid displayed a characteristic juxtanuclear localization, while GFP was diffuse throughout the cytoplasm and nucleus (Fig. 3D to F) . In addition, the localization of GFP was not altered by the expression of capsid, indicating that these two proteins do not interact (Fig. 3A to  F) . When expressed alone, GFPp32m was not associated with mitochondria-like structures but, rather, was localized throughout the cytoplasm in diffuse as well as punctate structures ( Fig. 3G to I ). As p32 is normally present in homooligomeric complexes (24) , it is likely that the punctate structures are aggregates of p32. As expected, coexpression of capsid with GFPp32m resulted in the colocalization of GFPp32m with capsid ( Fig. 3J to L) . However, unexpectedly, coexpression of these proteins resulted in a dramatic relocalization of GFPp32m to compact juxtanuclear structures that resembled those of mitochondrially targeted capsid (Fig. 3F) .
To ascertain whether the capsid-GFPp32m interactions were occurring at mitochondria, Vero cells were transfected with plasmids encoding either GFPp32m alone or GFPp32m and capsid. Mitotracker Red CMXRos was used to visualize mitochondria for these experiments. When expressed alone, GFPp32m did not associate with mitochondria but, instead, exhibited a largely diffuse localization with some puncta throughout the cytoplasm. In cells expressing this protein, mitochondria appeared identical to those in untransfected control cells (Fig. 4A to C) . In contrast, when GFPp32m was coexpressed with capsid it was confined to structures that were stained with the Mitotracker dye ( Fig. 4D to F) . These results suggest that capsid is directed to mitochondria by a mechanism that is independent of the p32 mitochondrial targeting sequence.
An arginine-rich region of capsid is required for binding to p32. Our strategy to block binding of capsid to mitochondria using a "dominant negative" form of p32 proved unsuccessful, since targeting of capsid to this organelle appears to be independent of the p32 mitochondrial targeting sequence. In lieu of this approach, we elected to create replication-competent RV strains encoding capsid proteins that do not bind to p32. Accordingly, the first step in this process required mapping of the p32-binding site within capsid. Previously, using the yeast two-hybrid assay, we localized a p32-binding site within the amino-terminal region of capsid (6) . To more precisely map the p32-binding site, we assayed the interactions between fulllength p32 and a series of overlapping capsid constructs. Results from this analysis are shown in Fig. 5A . These data indicate that the minimum region of capsid that strongly interacts with p32 is comprised of amino acid residues 30 to 69.
Inspection of the p32-binding region in capsid revealed that it contains 11 arginine residues that are distributed into two clusters (Fig. 5B) . Interestingly, it has been reported that the p32-binding sites of several other proteins are rich in arginine residues (8, 18, 37, 43, 54) . For this reason, we focused our subsequent analysis on the arginine residues in this region of capsid. Site-directed mutagenesis was used to change the arginine residues in the two clusters to alanine residues. The resulting capsid constructs were named 5RA, 6RA, and 11RA (Fig. 5B) .
Coimmunoprecipitation assays were used to determine if the arginine residue clusters in the p32-binding domain of capsid are required for stable binding to p32. COS cells were transiently transfected with expression vectors encoding wild-type or mutant capsids and the RV glycoproteins E2 and E1. [ 35 S]methionine-cysteine and cell lysates were prepared under nondenaturing conditions. Goat anti-p32 serum was used to isolate immune complexes from lysates, which were then analyzed by SDS-PAGE and fluorography. As expected, wild-type capsid coimmunoprecipitated with p32 (Fig. 6A, upper panel) . In contrast, capsids containing the 5RA, 6RA, or 11RA mutations did not form stable complexes with p32. To ensure that the mutant capsid constructs were stably expressed in transfected cells, capsid was also immunoprecipitated from cell lysates using rabbit anticapsid serum (Fig. 6A, lower panel) . Together, these results indicate that the mutant capsids are expressed at levels comparable to the wild-type M33 capsid and that both of the arginine clusters within the p32-binding domain are necessary for stable binding to p32. This was not unexpected, since our results obtained using the yeast twohybrid system indicated that portions of capsid containing only the amino-terminal arginine residue cluster (amino acid residues 1 to 45) or the carboxyl-terminal arginine residue cluster (amino acid residues 46 to 89) were unable to interact with p32. In contrast, a construct encoding amino acid residues 30 to 69, which contains both arginine clusters, interacted with p32 as well as full-length capsid (Fig. 5A ).
Functional analysis of capsid RA mutants. Before proceeding to construction of recombinant viruses, it was important to ensure that the capsid RA mutants were functional, since the distribution and presumably intracellular binding interactions of capsid are influenced by the presence of glycoproteins E2 and E1 (16) . Therefore, most of the following experiments were conducted under conditions that mimic virus assembly; specifically, capsid was coexpressed together with E2 and E1. The targeted RA mutations in the p32-binding site are in close proximity to serine 46, which is the primary phosphorylation site of capsid. Regulated phosphorylation of serine 46 has been shown to be important for virus replication, an effect that is likely mediated through its role in modulating the RNA-binding activity of capsid (31) . The levels of phosphorylation of the various capsid mutants were compared to wild-type capsid using radioimmunoprecipitation and fluorography assays. Transfected cells were biosynthetically labeled with H 3 33 PO 4 for 12 h before capsid proteins were immunoprecipitated, separated by SDS-PAGE, and then subjected to fluorography. Wild-type capsid and capsids containing either the 5RA or the 6RA mutations were phosphorylated to the same extent (Fig.  6B) . In contrast, the 11RA mutant was not stably phosphory- Immunoblot analysis showed that all of the mutant capsids were expressed at comparable levels in the transfected cells. These results indicate that alteration of one, but not both, of the arginine clusters does not appreciably alter the phosphorylation state of capsid. Next, we investigated whether the arginine-to-alanine mutations affected the ability of capsid to assemble into virions. As a convenient method to study parameters that govern virus assembly, we have routinely used an RV-like particle (RLP) assay. Coordinated expression of the RV structural proteins results in the formation of RLPs, which resemble native virions in terms of morphology, antigenicity, and immunogenicity (15, FIG. 3 . Capsid recruits GFPp32m to the juxtanuclear region. Vero cells were transfected with expression vectors encoding GFP (A to C), GFP and capsid (D to F), GFPp32m (G to I), or GFPp32m and capsid (J to L). Cells were fixed, permeabilized, and stained with a monoclonal antibody to capsid followed by Texas Red-conjugated donkey anti-mouse immunoglobulin G. Samples were examined by confocal microscopy. Merged images are shown on the left (A, D, G, and J), the GFP channel is shown in the middle (B, E, H, and K), and the Texas Red channel is shown on the right (C, I, F, and L). Bar, 20 m.
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. Wild-type and mutant capsids were coexpressed with or without RV glycoproteins in COS cells, and RLPs were isolated from the precleared media of transfected cells by ultracentrifugation at 100,000 ϫ g. The presence of pelletable capsid in the medium indicates that RLPs have been assembled and secreted. When coexpressed with the RV glycoproteins, wild-type capsid and capsids containing the 5RA or the 6RA cluster mutations were able to support assembly and secretion of RLPs (Fig. 6C, lower panel) . In contrast, RLPs were not formed when wild-type capsid was expressed in the absence of E2 and E1. Comparable amounts of wild-type, 5RA, and 6RA capsids were detected in the medium, suggesting that RLPs are produced and secreted with similar efficiencies in each case. However, transfected cells expressing the 11RA capsid mutant did not secrete detectable amounts of RLPs. The presence of intracellular capsid in the transfected cells was confirmed by immunoblotting of cell lysates (Fig. 6C,  upper panel) . Together, these results indicate that mutation of either the proximal or the distal arginine clusters does not affect capsid phosphorylation, or its ability to support virus particle assembly, and by extrapolation, the formation of RV virions. These results were not surprising given that, by analogy to alphavirus capsid proteins (14) and analyses using protein structure algorithms, the amino-terminal one-third of capsid is thought to be relatively unstructured.
We next examined the RNA-binding activities of the arginine-alanine cluster mutants in an in vitro RNA-binding assay (31, 36) . Since the p32-binding site overlaps with the RNAbinding site, we were concerned that ablating the arginine residues in this region would negatively affect RNA binding.
To increase the affinity of capsids for RNA, samples were first treated with phosphatase prior to binding analyses (31) . Interestingly, no loss of RNA-binding activity was associated with the capsid 5RA mutant (Fig. 6D) . Rather, this mutant appeared to bind genomic RNA with higher affinity than wildtype capsid but similarly to the hypophosphorylated mutant S46A (31). However, it should be noted that these in vitro binding assays are somewhat variable, and in previous experiments we have documented that dephosphorylated wild-type capsid binds RNA as well as the S46A mutant (31). Accordingly, the important result here is that the five proximal arginine residues in the p32-binding site of capsid are not required for RNA binding. In contrast, the 6RA capsid bound RNA only very weakly (data not shown), indicating that the distal arginine cluster is important for binding to genomic RNA.
The p32-binding site of capsid is important for virus replication. The results described above suggest that the capsid 5RA and 6RA mutants are structurally intact and can function normally in assembly of virus particles. We next sought to determine the importance of the p32-binding site in capsid function during virus replication. The mutant capsid genes were subcloned into an RV infectious clone (55) , and capped genomic RNAs were synthesized in vitro. BHK-21 cells were electroporated with equal amounts of RNA (10 g), and media were collected at scheduled intervals starting at 12 h postelectroporation. Infectious virus released from the cells was quantitated by plaque assay in RK13 cells. Wild-type M33 RV produced large, clear plaques that were easily visible by crystal violet staining (Fig. 7A) . The 5RA strain produced plaques that were smaller and more opaque than M33 plaques. The 6RA strain produced plaques that were even smaller than 5RA plaques. Not surprisingly, the 11RA mutant did not produce detectable amounts of infectious virus (data not shown). These results indicate that viruses encoding capsid proteins that do not interact with p32 exhibit decreased abilities to produce and/or secrete infectious virions.
To confirm that viral proteins were adequately expressed in the electroporated cells and that decreased virus titers were not the result of inefficient electroporation, BHK cells electroporated with equivalent amounts of infectious RNA (10 g) were processed for double labeling immunofluorescence 3 days postelectroporation. Cells were stained with antibodies against the RV envelope protein E1 and p32 to label cells expressing viral proteins and as a counterstain, respectively. The percentages of cells expressing E1 were determined in six randomly selected fields from two independent experiments (Table 2) . Similar levels of E1-positive cells were observed in samples electroporated with wild-type, 5RA, and 6RA genomic RNAs (88 to 97%). However, a much smaller fraction (26%) of cells electroporated with 11RA genomic RNA was positive for E1 expression. The lower percentage of cells expressing E1 in the 11RA mutant probably results from the inability of the mutant capsids to support assembly of infectious virus particles and, thus, the percentage of E1-expressing cells in this case likely reflects the electroporation efficiency. These results also confirm that the 5RA and the 6RA mutant viruses are able to replicate and secrete infectious virus particles that infect neighboring cells. Therefore, these results also provide indirect evidence that both the 5RA and 6RA capsids are able to bind to and incorporate genomic RNA into virions. However, the virus titers obtained from electroporated BHK cells were consistently lower (100-to 1,000-fold) for the 5RA and 6RA RNAs compared to the M33 RNA (data not shown).
To rule out the possibility that the lower titers associated with the 5RA and 6RA viruses were not due to replication or secretion defects specific to BHK cells, conditions that approach one-step growth conditions in Vero cells were employed. Although infected BHK cells produce more intracellular infectious virus than Vero cells, the latter typically release more infectious virus than BHK cells (3) . Consequently Vero cells are most often used for propagation of RV. Titers for virus stocks obtained from electroporated BHK cells were determined and used to infect Vero cells (MOI ϭ 5 PFU/cell). Media were collected every 12 h postinfection, and virus titers were determined by plaque assay. In all cases, viral titers peaked between 60 and 72 h; however, the 5RA and 6RA titers were almost 3 orders of magnitude lower than M33 (Fig. 7B) . These results suggest that the arginine residues in the p32-binding site are important for efficient virus replication in two different cell types.
M33 and 5RA strains exhibit different kinetics in viral protein and RNA synthesis. To better understand how the lack of a stable capsid-p32 interaction leads to replication defects, we chose to examine early and late steps in the virus life cycle. The nonstructural protein p150 is translated directly from the genomic RNA and is therefore an early event (14a). In contrast, capsid is synthesized from a subgenomic mRNA and is a later event in the replication scheme (44) . Typically, nonstructural and structural proteins are first detected in Vero cells at 12 and 16 h postinfection, respectively (19) . Since the 6RA capsid does not bind well to genomic RNA, we used the 5RA strain for these experiments. Vero cells were infected with either M33 or 5RA RV strains, and cell lysates were prepared at various times postinfection. Samples were run on SDS-PAGE, and the levels of p150 and capsid were determined by immunoblotting (Fig. 8A) . The profiles of p150 expression were similar in M33-and 5RA-infected cells, although levels of p150 were slightly lower in the latter case. At 24 h postinfection, cells infected with M33 and 5RA viruses contained similar levels of p150 protein. Between 24 and 48 h, levels of p150 increased in both groups of infected cells (Fig. 8A) . Consistent with its structural role in virus assembly at a late step, the levels of capsid in M33-infected cells increased significantly in a timedependent manner. In contrast, the intracellular levels of the 5RA capsid did not increase over time. This was not due to inherent instability in these mutant capsids, as transfection experiments revealed that both 5RA and 6RA capsids were stable when expressed from plasmids (Fig. 6) . Moreover, levels of the two other RV structural proteins E2 and E1 were dramatically lower in 5RA-infected cells (data not shown). Together, these results suggest that ablation of the p32-binding site within capsid results in replication defects at a relatively late step in the virus life cycle.
To investigate this defect further, the levels of virus-specific AH109 yeast cells were transformed with pGAD-p32, and plasmids encoding the entire capsid (amino acid residues 1 to 277) or portions thereof were fused to the GAL4-binding domain. The capsid constructs are named according to the amino acid residues (AA) in capsid that they encode. For example, 1-45 is the coding region for amino acid residues 1 to 45 of capsid fused to the GAL4-binding domain. Solid lines indicate the regions of capsid encoded by the constructs. Transformants were plated onto medium lacking tryptophan, leucine, histidine, and adenine, and growth was scored visually in relation to positive and negative controls as follows: Ϫ, no growth; ϩ, weak growth; ϩϩϩ, strong growth. The RNA-binding region (RNA), the E2 signal peptide (SP), positively charged residues (vertical lines), and serine 46 (solid circle) are indicated on the capsid schematic. (B) The p32-binding region of wild-type capsid (amino acid residues 30 to 69) contains two clusters of arginine residues (bold letters). Arginine residues in each cluster were changed to alanine residues (bold letters) as indicated, and the resulting mutants were designated 5RA, 6RA, and 11RA.
RNA were monitored at various times postinfection. Whereas the genomic RNA was seen to accumulate with similar kinetics in the M33-and 5RA-infected cells, the accumulation of subgenomic RNA was impaired in the latter group of infected cells (Fig. 8B) . These results suggest that the relatively low level of structural protein synthesis observed in 5RA-infected cells is due mainly to a defect in subgenomic RNA production.
Capsid-p32 interactions mediate perinuclear clustering of mitochondria. To gain other insights into how abolishing capsid-p32 interactions inhibits virus replication, we next examined how mitochondrial clustering was affected by expression of the mutant capsid proteins. Vero cells were transiently transfected with vectors encoding wild-type capsid or the capsid RA mutants and processed as described above. As described previously, capsid expression induced a dramatic rearrangement of mitochondria (Fig. 9 ). Mitochondria were distributed in a lacey pattern throughout the cytoplasm of untransfected cells but were noticeably compacted in the juxtanuclear regions of the cells expressing wild-type capsid. In cells expressing the capsid 5RA or 6RA mutants, mitochondrial staining patterns were more punctate and condensed into juxtanuclear regions than mock-transfected cells, but not as pronounced as in cells expressing wild-type capsid. These results suggest that the interaction of capsid with p32 facilitates the recruitment of mitochondria to the juxtanuclear region.
DISCUSSION
Nonstructural roles for the capsid protein. The RV capsid protein assembles with the viral genome to form the structural core of the virion interior. In addition to this structural function, there is increasing evidence that the capsid plays integral roles in several other important processes, including induction of apoptosis (13) and replication of virus-specific RNA (9, 52) . In keeping with its structural function, a large pool of capsid is expected to associate with organelles of the secretory pathway where nucleocapsid assembly and virus budding occur. However, recent studies by a number of laboratories including our own have revealed the existence of capsid pools that associate with nonsecretory organelles. These sites include the cytoplasmic surface of mitochondria (6, 35) and endosome-associated viral replication complexes (28, 35) . Conceivably, the cohort of capsid associated with replication complexes functions in some aspect of RNA metabolism, such as transcription, stabilization, and/or packaging of nascent virus-encoded RNAs. The association of capsid with mitochondria appears to be unique to RV In the present study, we found that capsid expression in the absence of other viral proteins has dramatic effects on the morphology and distribution of mitochondria. Specifically, perinuclear clustering of mitochondria and formation of electrondense zones between adjacent cisternae were observed, both of which are hallmarks of RV-infected cells (33) . The underlying mechanism that leads to these defects is not clear, but a potential link to RV-induced mitochondrial abnormalities came from the finding that capsid interacts with the host-encoded protein p32 (6) . The bulk of this host protein resides in the matrix of mitochondria (11, 42, 48) . Despite the intense efforts of numerous laboratories, the normal physiological function of p32 has remained elusive. However, a recent study suggests that this protein is required for the proapoptotic function of the BH3-only protein Hrk (50) . Interestingly, like the RV capsid, Hrk binds to the highly conserved carboxyl-terminal region of p32. It is not known if the binding sites for these two proteins overlap. A large number of studies have documented the interactions between p32 and cellular proteins as well as virus proteins (7, 8, 18, 25, 29, 37, 38, 54, 56) . In most cases, interactions between virus-encoded proteins and p32 occur at nonmitochondrial sites. Given that the proapoptotic function of p32 is dependent upon its localization to mitochondria (50) , it is conceivable that some p32-dependent virus-host interactions serve to prevent or delay virus-induced cell death.
Of particular relevance to the present study is the documented role of p32 in RNA metabolism (27, 45) . Indeed, interactions between p32 and virus proteins are known to be important for virus replication. For example, expression of human p32 in murine cells overcomes a posttranscriptional block in replication of human immunodeficiency virus (HIV) (57) . In addition, p32 is required for latent-cycle DNA replication of Epstein-Barr virus (53) . By analogy, interactions between p32 and the RV capsid appear to be important for transcription of the RV subgenomic RNA. Consistent with our present findings, overexpression of p32 reportedly enhances replication of RV by an as-yet-undefined mechanism (41) . Interestingly, the level of capsid expression and presumably other structural proteins was dramatically increased when cells that overexpress p32 were infected with RV.
The capsid p32-binding site is critical for replication. We were somewhat puzzled that our mapping studies of the p32-binding region in capsid conflicted with those of a previous study (41) . Mohan et al. reported that the p32-binding site resides with amino acid residues 1 to 28 of capsid. In contrast, our analysis indicated that the p32-binding site is located between amino acid residues 30 to 69. It seems unlikely that there are two separate p32-binding sites since, using the same type of assay (yeast two hybrid), we did not detect interactions between p32 and amino acid residues 1 to 45 of capsid (6) . While we are currently unable to reconcile the differences between these two studies, our findings are consistent with those of several groups who have reported that the p32-binding regions of other proteins contain multiple clusters of arginine residues (8, 18, 54) . For example, two arginine-rich clusters within the p32-binding domain of Epstein-Barr virus EBNA-1 are necessary for stable interaction with p32 in cultured cells (53, 54) . Similarly, we observed nearly identical results for the RV capsid. Specifically, two separate arginine clusters (5RA and 6RA) between amino acid residues 30 and 69 are required for stable capsid-p32 interactions.
The p32-binding site is located in a region of capsid that is thought to be relatively unstructured. Accordingly, ablation of this site was not expected to compromise the structural integrity of capsid. Indeed, both 5RA and 6RA mutants were phosphorylated normally and functioned at wild-type capacity in the virus assembly assay. However, viruses containing the 5RA and 6RA mutations replicated to titers that were between 100-and 1,000-fold lower than the wild-type M33 strain. The defect in replication for the 5RA mutant virus, at least, probably occurs at a relatively late step but before nucleocapsid assembly. Whereas accumulation of the nonstructural protein p150 was not greatly affected in cells infected by the 5RA virus strain, accumulation of structural proteins was greatly diminished. Further analysis indicated that the levels of subgenomic RNA were significantly lower in cells infected with the 5RA virus strain. Accordingly, we favor the hypothesis that the RNA replication-specific roles of capsid (9, 52) are dependent upon interactions with p32. However at this point, we cannot rule out the possibility that the decreased levels of structural proteins in 5RA-infected cells are partly the result of translational defects. Specifically, we observed that the 5RA capsid binds RV RNA better than the wild-type capsid. Thus, it is also possible that tight binding of the 5RA capsid to the 24S RNA inhibits translation.
Effects of capsid on mitochondria may be mediated by interactions with p32. In addition to being less effective in supporting virus replication, expression of the 5RA and 6RA capsids resulted in reduced perinuclear clustering of mitochondria relative to M33 capsid. Presumably, capsid is targeted to the cytoplasmic surface of mitochondria independently of p32 and, once associated with the cytoplasmic surface of this organelle, is then able to complex with p32. Under certain circumstances, p32 is able to leave the mitochondrial matrix (49) . It is therefore possible that capsid binds to a pool of p32 as it leaves the mitochondria, although it is not at all clear how the association of capsid with this organelle would induce release of p32. Accordingly, we favor the scenario that capsid binds to the carboxyl-terminal region of newly synthesized p32 shortly before it is translocated into mitochondria. This would be expected to leave the amino-terminal mitochondrial targeting sequence of p32 exposed, thereby allowing at least partial translocation of p32 into the mitochondrial matrix. Alternatively, its association with capsid may inhibit import of p32 into mitochondria. A similar mechanism prevents import of the cellular enzyme fumarase into the mitochondria of Saccharomyces cerevisiae (26) . Thus, retention of p32 in the cytosol would result in the formation of capsid-p32 complexes at the cytoplasmic surface of mitochondria. Since both capsid and p32 are known to form homo-oligomers (5, 24), it is tempting FIG. 9 . Stable capsid-p32 interaction is required for efficient clustering of mitochondria. Vero cells were mock transfected (A to C) or transfected with expression vectors encoding wild-type capsid (D to F) or capsid containing arginine-to-alanine mutations C5RA (G to I) or C6RA (J to L). Cells were fixed, permeabilized, and double labeled with a mouse monoclonal antibody to capsid and a goat polyclonal antiserum to p32. Primary antibodies were detected with fluorescein isothiocyanate (FITC)-conjugated donkey anti-mouse immunoglobulin G (IgG) and Texas Red-conjugated donkey anti-goat IgG. Samples were examined by confocal microscopy. The FITC channel is shown on the left (A, D, G, and J), and the Texas Red channel is shown in the middle (B, E, H, and K). The panels on the right (C, F, I, and L) are enlarged images of the mitochondria from cells marked with asterisks in panels B, E, H, and K to show mitochondrial aggregation. Bar, 20 m.
to speculate that capsid-p32 complex functions as a scaffold or a molecular adhesive to drive aggregation of mitochondria.
The function of mitochondrial aggregation in RV-infected cells is intriguing but not yet understood. Cells infected with other viruses, including Semliki Forest virus (33), Flock House virus (40) , and African swine fever (47), exhibit similar mitochondrial defects. As with the RV capsid, expression of the hepatitis B virus X protein is sufficient to induce clustering of mitochondria to a juxtanuclear region in the absence of other viral proteins (51) . While X protein expression has been linked to apoptotic cell death, clustering of mitochondria in itself is not likely to be the cause of death, since Vero cells expressing the RV capsid display aggregated mitochondria but do not show visible signs of apoptosis. Rather, it is thought that aggregation of mitochondria to sites in close proximity to virus replication or assembly factories serves to provide a source of cellular energy to assist virus replication (17, 33, 40, 47) . A second but not mutually exclusive possibility is that the capsidinduced association of mitochondria with virus replication sites facilitates the incorporation of cardiolipin into virions (2) .
In conclusion, our data are consistent with a scenario in which capsid interaction with p32 and consequent aggregation of mitochondria are beneficial for virus replication. Importantly, these data are in agreement with a corollary study from another laboratory, which showed that replication of RV is enhanced in cells overexpressing p32 (41) . The challenge now is to understand the mechanism by which capsid-p32 interactions influence nonstructural functions of capsid, in particular the synthesis of subgenomic RNA.
